CONSTANS (CO) has a central role in the photoperiod response mechanism in Arabidopsis. However, the functions of legume CO genes in controlling flowering remain unknown. Here, we analyze the expression patterns of E1, E2 and GmCOL1a/1b using near-isogenic lines (NILs), and we further analyze flowering-related genes in gmcol1b mutants and GmCOL1a-overexpressing plants. Our data showed that both E3 and E4 upregulate E1 expression, with the effect of E3 on E1 being greater than the effect of E4 on E1. E2 was up-regulated by E3 and E4 but down-regulated by E1. GmCOL1a/1b were up-regulated by E1, E2, E3 and E4. Although the spatial and temporal patterns of GmCOL1a/1b expression were more similar to those of AtCOL2 than to those of AtCO, gmcol1b mutants flowered earlier than wild-type plants under long-day (LD) conditions, and the overexpression of GmCOL1a caused late flowering under LD or natural conditions. In addition, GmFT2a/5a, E1 and E2 were down-regulated in GmCOL1a-overexpressing plants under LD conditions. Because E1/2 influences the expression of GmCOL1a, and vice versa, we conclude that these genes may function as part of a negative feedback loop, and GmCOL1a/b genes may serve as suppressors in photoperiodic flowering in soybean under LD conditions.
Introduction
Plants respond to seasonal changes in daylength (photoperiod) and temperature to synchronize their flowering precisely, thereby maximizing their reproductive success. In the photoperiod flowering pathway, the circadian clock-regulated gene CONSTANS (CO), which co-ordinates light input into the clock in the leaves, is crucial for the induction of daylength-specific expression of the FLOWERING LOCUS T (FT) gene (Turck et al. 2008 , Song et al. 2013 ). In the long-day (LD) plant Arabidopsis thaliana (Arabidopsis), daily CO expression profiles are largely regulated by the circadian clock-regulated FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1), GIGANTEA (GI) and CYCLING DOF FACTOR (CDF) proteins (Imaizumi et al. 2005 , Sawa et al. 2007 , Fornara et al. 2009 , Song et al. 2012 ). FKF1 and GI proteins form a complex in a blue-light-dependent manner, and this complex degrades CDF proteins, which are transcriptional repressors of CO expression during the morning, and facilitates the expression of CO at the end of the day under LD conditions (Sawa et al. 2007 , Fornara et al. 2009 ). GI also forms a specific type of nuclear body and is sequestered in the nucleus via a physical interaction with EARLY FLOWERING 4 (ELF4) on the CO promoter, which affects the level of CO expression (Kim et al. 2013) . The CO protein is stabilized by light in the evening and degraded in the morning or in darkness (Valverde et al. 2004 ). In the morning, phytochrome B (PHYB) promotes the degradation of the CO protein, whereas PHYA and cryptochromes (CRY1 and CRY2) stabilize the CO protein in the afternoon under LD conditions (Valverde et al. 2004 . SUPPRESSOR OF PHYA proteins (SPA1, SPA3 and SPA4) and the CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP1) complex degrade the CO protein during the night (Laubinger et al. 2006 , Jang et al. 2008 , L.J. ). CRY1 and CRY2 interact with SPA1 to modulate COP1 activity, resulting in stabilization of the CO protein . HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1 (HOS1) also negatively regulates the CO protein during the morning (Lázaro et al. 2012) . Light signaling pathways and the circadian clock co-ordinate the control of CO protein activity to induce FT, a mobile florigen hormone that induces differentiation during flowering (Song et al. 2013) .
Soybean is an economically important plant that is used for human food, animal feed and biodiesel. Daylength has an important influence on flowering and the growth habit of soybean, a short-day (SD) plant, and its responsiveness to this factor is an important production trait. In soybean, 10 maturity loci that control flowering time and maturity, namely E1-E9 and J, have previously been identified and characterized at the phenotypic and genetic levels (Bernard 1971 , Buzzell 1971 , Buzzell and Voldeng 1980 , McBlain and Bernard 1987 , Ray et al. 1995 , Bonato and Vello 1999 , Cober and Voldeng 2001 , Cober et al. 2010 , Kong et al. 2014 . Among these loci, E1, E3, E4 and E7 have been found to be related to photoperiod sensitivity under different light quality conditions (Buzzell 1971 , Buzzell and Voldeng 1980 , McBlain and Bernard 1987 , Cober et al. 1996a , Cober et al. 1996b , Abe et al. 2003 , Xia et al. 2012a ). The E1 locus has a large impact on flowering time in soybean, and the E1 protein contains a putative nuclear localization signal and a domain that is distantly related to B3 (Xia et al. 2012a ). E1 expression is significantly suppressed under SD conditions and shows a bimodal diurnal pattern under LD conditions, suggesting that its response to photoperiod and its dominant effect are induced by LD conditions (Xia et al. 2012a) . E2 has been identified as an ortholog of the Arabidopsis GI gene (Watanabe et al. 2011) , and E3 and E4 have been confirmed to be PHYA homologs (B. , Watanabe et al. 2009 ). However, different responses to light quality occur with different red-to-far-red (R:FR) quantum ratios under LD conditions (Watanabe et al. 2009 ). The FT homolog in soybean has a conserved role in flowering promotion (Kong et al. 2010 , Sun et al. 2011 ). GmFT2a and GmFT5a, two orthologs of the Arabidopsis FT gene, are involved in the flowering transition, and these two genes co-ordinately control flowering in soybean (Kong et al. 2010) . The expression levels of these two genes are down-regulated by E1, E2, E3 and E4 loci under LD conditions (Kong et al. 2010 , Thakare et al. 2011 , Watanabe et al. 2011 , Xia et al. 2012a ). These findings suggest that the role of FT genes in the control of photoperiodic flowering is conserved in soybean.
Recent studies have shown that CO/FT regulation of photoperiodic flowering induction may also be conserved in soybean (Fan et al. 2014) , and GmCOL1a and GmCOL1b are potential inducers of flowering in soybean . However, it is puzzling that the legume CO homolog is significantly different from Arabidopsis CO (Yamashino et al. 2012) . The expression patterns of garden pea (Pisum sativum) COLa (Hecht et al. 2007 , Weller et al. 2009 ), Lotus japonicus LjCOL genes (Ono et al. 2010 , Yamashino et al. 2012 , Medicago truncatula MtCOL genes (Wong et al. 2014 ) and soybean COL genes (Fan et al. 2014) are more similar to the patterns of Arabidopsis COL1 and COL2 than to the patterns of CO. In Arabidopsis, although the amino acid sequences of the products of COL1 and COL2 are highly similar to that encoded by CO, neither COL1 nor COL2 contributes to the photoperiodic control of flowering time (Ledger et al. 2001) . In addition, the expression of pea COLa is also not obviously misregulated in either the elf4 or the gi mutant (Hecht et al. 2007 , Weller et al. 2009 ). This is in contrast to the situation in Arabidopsis, in which CO expression in both elf4 and gi mutants is dramatically reduced throughout the daily cycle (Suárez-López et al. 2001 , Doyle et al. 2002 .
In this study, we analyzed the expression patterns of E1, E2, GmCOL1a and GmCOL1b in Harosoy near-isogenic lines (NILs) to understand the effects of E1-E4 on these expression patterns under LD conditions. We then obtained gmcol1b mutants and transgenic soybean plants overexpressing GmCOL1a and analyzed the expression patterns of E1, E2, GmFT4 (a flowering repressor in soybean; Zhai et al. 2014 ), GmFT2a and GmFT5a (two flowering inducers in soybean; Kong et al. 2010 ) in these transgenic plants. Our data showed that although the spatial and temporal patterns of GmCOL1a and GmCOL1b expression were similar to those of AtCOL2 expression, GmCOL1a and GmCOL1b acted as flowering suppressors under LD conditions. Our data suggest that GmCOL1a may participate in a negative feedback loop with E1/2 that suppresses the expression of GmFT2a and GmFT5a and promotes the expression of GmFT4 in soybean, which leads to late flowering under LD conditions.
Results
The expression of E1 and E2 in Harosoy NILs under LD conditions
In soybean, four maturity loci that control flowering time and maturity, namely E1-E4, have been previously identified and characterized at the phenotypic and genetic levels (B. , Watanabe et al. 2009 , Watanabe et al. 2011 , Xia et al. 2012a . In this study, we examined the expression of E1 and E2 in nine Harosoy NILs, which possessed different maturity genotypes at loci E1-E4, under LD conditions ( Table 1 ). Fig. 1A shows that Harosoy, L68-694, L71L-3004 and L64-4584, all of which carry the E3 and E4 alleles, had high levels of E1 expression. There were no significant differences in E1 expression between the four NILs, indicating that E1 and E2 had no influence on E1 expression. This result was consistent with the finding that there were no significant differences in transcript abundance between E1 and e1 (Xia et al. 2012a ). Similar to the results observed by Xia et al. (2012a) using semi-quantitative real-time (RT-PCR) analysis under an intermediate light regime (14.5 h light/9.5 h darkness), we also found that E1 expression was significantly suppressed in OT93-26, OT89-5 and OT99-17, all of which carry the double recessive e3 and e4 alleles. However, the expression of E1 in L84-307 (e4) was slightly lower than that in Harosoy (E4), whereas the expression of E1 in L62-667 (e3) was significantly lower than that in Harosoy (E3). E1 expression in L62-667 was similar to its expression in OT93-26, OT89-5 and OT99-17 and was nearly undetectable. Our results suggest that E3 and E4 up-regulate E1 expression under LD conditions. However, the effect of E3 on E1 was greater than the effect of E4 on E1.
In contrast to the expression pattern of E1, E2 transcription differed among Harosoy, L68-694, L71L-3004 and L64-4584 (Fig. 1B) . There were no significant differences in E2 expression between plants carrying the e2 and E2 alleles, indicating that E2 does not influence its own expression. However, E2 expression in L64-4584 (e1) and Harosoy (e1) was higher than that in L71L-3004 (E1) and L68-694 (E1), suggesting that E1 suppressed E2 expression under LD conditions (Fig. 1B) . E2 expression was also induced by E3 and E4 under LD conditions (Fig. 1B) . However, the regulatory effect of E3 and E4 on E2 was different from their regulatory effect on E1. E2 expression could be detected in NILs carrying the double recessive e3 and e4 alleles, whereas E1 expression was nearly undetectable (Fig. 1) . Additionally, only slight differences were noted between the e3 and e4 recessive alleles with respect to their ability to regulate the expression of E2 in L62-667 and L84-307 under LD conditions. These data suggest that E2 was down-regulated by E1 and up-regulated by E3 and E4 under LD conditions.
Effects of E1, E2, E3 and E4 on the expression of GmCOL1a and GmCOL1b in the photoperiod pathway under LD conditions Wu et al. (2014) indicated that two homeologous pairs in Clade I, GmCOL1a/GmCOL1b and GmCOL2a/GmCOL2b, showed the highest sequence similarity to Arabidopsis CO, and the mRNA abundance of GmCOL1a and GmCOL1b exhibited a strong diurnal rhythm under flowering-inductive SDs and peaked at dawn, which coincided with the rise of GmFT5a expression. In contrast, the mRNA abundance of GmCOL2a and GmCOL2b was extremely low. To determine whether the E1, E2, E3 and E4 maturity genes might also control flowering through GmCOL1a and GmCOL1b, we examined the expression of GmCOL1a and GmCOL1b in Harosoy NILs under LD (18 h light/6 h dark) conditions. The temporal pattern of GmCOL1a and GmCOL1b expression exhibited diurnal rhythms similar to those observed previously (Fan et al. 2014) . These rhythms were similar between OT89-5 and Harosoy. However, the level of transcription in Harosoy was higher than that in OT89-5, suggesting that both GmCOL1a and GmCOL1b were up-regulated by E3 and E4 at the transcriptional level under LD conditions ( Fig. 2A, B) . The regulatory effect of E1 and E2 on the temporal expression pattern of GmCOL1a and GmCOL1b was similar to that of E3 and E4 ( Fig. 2C-F ). In addition, the GmCOL1a and GmCOL1b mRNA levels in E1 transgenic soybean plants [the same transgenic soybean line described by Xia et al. (2012a)] were much higher than those in the wild type under LD (16 h light/8 h dark) conditions (Fig. 2G, H ). These data suggest that both GmCOL1a and GmCOL1b were up-regulated by E1, E2, E3 and E4 at the transcriptional level under LD conditions. The expression patterns of GmCOL1a and GmCOL1b are similar to that of AtCOL2
Recent studies have shown that the expression levels of GmCOL1a and GmCOL1b exhibit a diurnal rhythm that is highest at dawn and reaches its lowest level at the end of the light phase under LD (16 h light/8 h dark) conditions (Fan et al. 2014 ). These finding indicated that GmCOL1a and GmCOL1b are more similar to AtCOL1 and AtCOL2 than to AtCO (Ledger et al. 2001) . To determine whether the rhythmic cycling of the GmCOL1a and GmCOL1b mRNA levels was under circadian control, we transferred plants to constant light (LL) or constant dark (DD) conditions. When the plants grown under LD conditions were transferred to LL conditions, GmCOL1a and GmCOL1b transcript levels continued to oscillate with a period of 24 h, showing that GmCOL1a and GmCOL1b were regulated by the circadian clock. However, the expression of GmCOL1a and GmCOL1b decreased to a very low level when plants grown under LD conditions were transferred to constant dark (DD) conditions ( Fig. 3A, B ). Similar expression patterns were observed when the plants grown under SD (12 h light/12 h dark) conditions were transferred to LL or DD conditions (Fig. 3C, D) . This finding indicates that GmCOL1a and GmCOL1b are more similar to AtCOL1 and AtCOL2 than to AtCO (Ledger et al. 2001 ). In addition, AtCOL2 was present throughout the development of most aerial plant organs (Ledger et al. 2001) . We analyzed the transcriptional profiles of GmCOL1a and GmCOL1b in various tissues of Harosoy plants grown under LD conditions with RT-PCR. Supplementary Fig. S1 shows that GmCOL1a and GmCOL1b were also expressed throughout the development of most aerial plant organs.
GmCOL1a and GmCOL1b are flowering suppressors in soybean under LD conditions Wu et al. (2014) observed that GmCOL1a and GmCOL1b are potential inducers of flowering in soybean by the complementation experiment with overexpression of soybean GmCOL1 and GmCOL2 genes in the genetic background of the Arabidopsis co mutant. To confirm the function of GmCOL1a/1b in flowering regulation, we identified mutant lines from ethylmethane sulfonate (EMS)-treated libraries using the TILLING (targeting induced local lesions in genomes) approach (Population 6, which was described by Anai 2012). We obtained two independent GmCOL1a mutants with missense mutations (i.e. arginine to lysine at amino acid 246 and valine to methionine at amino acid 328) and two independent GmCOL1b mutants with missense mutations (i.e. proline to leucine at amino acid 245 and threonine to isoleucine at amino acid 314) (Fig. 4A) . Under LD (16 h light/8 h dark) conditions, the wild-type soybean cultivar Fukuyutaka flowered at approximately 88.7 days after emergence (DAE), and there were no significant differences between the two gmcol1a mutants and the wild type. However, two gmcol1b mutants flowered significantly earlier than the wild type ( Fig. 4B) : the gmcol1b (P245L) mutant flowered at approximately 79 DAE, while the gmcol1b (T314I) mutant flowered at approximately 76.5 DAE (Fig. 4B) . These data suggested that GmCOL1b are flowering suppressors in soybean under LD conditions. GmCOL1a and GmCOL1b shared 91.4% amino acid identity with each other (http://www.phytozome.org). Previous works have demonstrated that GmCOL1a and GmCOL1b are paralog genes, which exhibited similar expression patterns to each other (Fan et al. 2014 . These data indicated that GmCOL1a and GmCOL1b might have the same function on flowering time in soybean. However, it is unexpected that the GmCOL1a mutants showed slight (but not significantly) early flowering compared with the wild type (Fig. 4B) . We then used the amino acid sequences of GmCOL1a and GmCOL1b as the query for NCBI Blast analysis, and we performed multiple alignments of GmCOL1a, GmCOL1b and the proteins identified via Blast. We found that the gmcol1b (T314I) mutant had a single nucleotide substitution at the CCT domain, and the threonine at amino acid 314 of GmCOL1b is conserved in a wide range of plant species. Although the proline at amino acid 245 of GmCOL1b is not located in any functionally important domain, it is commonly conserved in CO gene products from a wide range of plant species. In contrast, two independent gmcol1a mutants are not commonly conserved and are not located in any functionally important domain. It is possible that this the reason why the flowering time was only affected in gmcol1b, and not gmcol1a, mutants. To confirm the function of GmCOL1a in flowering regulation, we next obtained three 35S:GmCOL1a transgenic lines and found that the overexpression of GmCOL1a caused delayed flowering in Dongnong 50 (DN50) under LD and natural conditions (Harbin, China; 45 43 0 N, 126 45 0 E) ( Fig. 4D-F) . DN50 flowered at approximately 30 DAE, whereas the three independent transgenic lines flowered at approximately 37-40 DAE under LD and natural conditions. However, compared with the wild-type DN50, the three transgenic lines overexpressing GmCOL1a flowered at similar times under SD (12 h light/12 h dark) conditions (Fig. 4F) . These data show that GmCOL1a and GmCOL1b both are suppressors, not inducers, of flowering in soybean under LD conditions.
Effects of GmCOL1a and GmCOL1b on the expression of FT homologs in soybean GmFT2a and GmFT5a are flowering inducers (Kong et al. 2010) and GmFT4 is a flowering suppressor in soybean under LD conditions (Zhai et al. 2014) . To examine whether GmCOL1b controls flowering through FT, we examined the effects of GmCOL1b on the expression of GmFT2a/5a and GmFT4 in two mutants under LD (18 h light/6 h dark) conditions. Supplementary Fig. S2A and S2B shows that the expression levels of GmFT2a and GmFT5a in the two mutants were significantly higher than those in the wild type. Supplementary Fig.  S2C shows that the expression level of GmFT4 was significantly lower in the two mutants than in the wild type. These data indicate that GmCOL1b suppressed the expression of GmFT2a/ 5a and promoted the expression of GmFT4 in soybean under LD conditions. Furthermore, in the GmCOL1a-overexpressing transgenic line #4 under LD conditions, the expression of GmCOL1a was relatively stable at most times of the day, whereas in DN50, its expression showed a diurnal rhythm, with a peak at dawn (Fig. 5A) . In contrast to GmCOL1a, the levels of GmFT2a showed a diurnal rhythm and peaked at 4 h after dawn in DN50, whereas the level of GmFT2a was nearly undetectable (Fig. 5B) . GmFT2a was down-regulated by GmCOL1a in transgenic plants, and a similar result was observed for GmFT5a (Fig. 5C) . The expression level of GmFT4 in DN50 was low, whereas in transgenic soybean lines, its expression showed a diurnal rhythm with two peaks (Fig. 5D) . These data were consistent with the delay in flowering under LD conditions (Fig. 4F) and showed that GmCOL1a controls flowering time by suppressing the expression of GmFT2a and GmFT5a, two flowering promoters, and increasing the expression of GmFT4, a flowering suppressor, under LD conditions.
Under SD conditions, GmFT2a and GmFT5a mRNA levels in transgenic soybean and DN50 were relatively high during the day and low during the night (Fig. 6B, C) . However, the levels of GmFT2a and GmFT5a in transgenic line #4 were higher than those in DN50 during the light phase under SD conditions (Fig. 6B, C) . In addition, the expression patterns of GmFT2a were different between transgenic soybean and the wild type. The GmFT2a transcript showed a bimodal pattern in DN50 but a single peak in transgenic plants under SD conditions (Fig. 6B) . The expression level of GmFT4 was also up-regulated in GmCOL1a-overexpressing transgenic line #4 during the day (Fig. 6D) . Although GmFT2a and GmFT5a, which are flowering promoters, were up-regulated by GmCOL1a under SD conditions (Fig. 6B, C) , the overexpression of GmCOL1a did not affect flowering time (Fig. 4F) . The levels of GmFT2a and GmFT5a in DN50 may have been high enough to induce early flowering under SD conditions, which is consistent with the finding that both DN50 and transgenic soybean flowered very early, at approximately 19 DAE (Fig. 4F) . These data indicated that GmCOL1a may control flowering by promoting GmFT2a and GmFT5a expression under SD conditions.
Overexpression of GmCOL1a down-regulated E1 and E2 expression
To test whether overexpression of GmCOL1a regulated E1 and E2 transcription, we examined the E1 and E2 mRNA levels in transgenic and wild-type soybean under LD or SD conditions. Fig. 1, E1 showed a diurnal pattern of expression in DN50, whereas in transgenic plants, the expression of E1 was repressed and was uniformly low at most time points under LD conditions (Fig. 5E) . E1 mRNA levels were suppressed in the transgenic line, indicating that E1 was down-regulated by GmCOL1a. Given that E1 and GmCOL1a influence each other's expression, they may function as part of a negative feedback loop. Similar to E1, E2 was also downregulated by GmCOL1a under LD conditions (Fig. 5F ). E2 and GmCOL1a also influence each other's expression; thus, they may also function as part of a negative feedback loop. Similar results were observed under SD conditions (Fig. 6E, F) .
Similar to the results in

Overexpression of GmCOL1a altered the expression of circadian clock gene homologs
In Arabidopsis, overexpression of AtCOL1 was shown to accelerate the circadian clock, whereas the overexpression of AtCOL2 was shown to have some effects on the periodicity of circadian Fig. 5 Effects of GmCOL1a on the rhythmic expression of the FT homologs E1 and E2 in soybean under LD (18 h light/6 h dark) conditions. Transgenic line #4 and wild-type plants were grown under LD conditions. Pieces of fully expanded trifoliate leaves from three individual plants were sampled every 4 h starting at dawn at 15 DAE. Relative transcript levels of GmCOL1a (A), GmFT2a (B), GmFT5a (C), GmFT4 (D), E1 (E) and E2 (F) were analyzed by quantitative RT-PCR and normalized to Tubulin. Values represent the average of three biological replicates ± SD. leaf movement; however, these effects have been inconsistent between trials (Ledger et al. 2001) . We demonstrated that GmCOL1a/1b also showed an expression pattern similar to that of AtCOL2 ( Fig. 3; Supplementary Fig. S1 ). To evaluate whether the overexpression of GmCOL1a affects the rhythms of the circadian clock, we examined the rhythmic expression of clock gene homologs in wild-type and transgenic soybean under LD conditions. Fig. 7 shows that the expression of two LHY1/CCA1 homologs, Glyma16g01980 (LCL-1) and Glyma19g45030 (LCL-3), which were previously described by Thakare et al. (2010) , peaked in the morning at 4 h after dawn, while the ELF4 homolog Glyma18g03130 showed an evening peak at approximately 16 h after dawn in DN50. In the transgenic line, 4 h phase advances were observed in LCL-1 and LCL-3 but not in ELF4 under LD conditions (Fig. 7A-C) . However, the ELF4 expression level was reduced in transgenic soybean lines compared with DN50 (Fig 7C) . These data indicate that the overexpression of GmCOL1a plays a role in the regulation of circadian clock genes.
Discussion Troublesome CO orthologs in legumes
Model legumes, including soybean, Medicago and garden pea, were once used as model plants to gain insight into the genetic Fig. 6 Effects of GmCOL1a on the rhythmic expression of the FT homologs E1 and E2 in soybean under SD (12 h light/12 h dark) conditions. Transgenic line #4 and wild-type plants were grown under SD conditions. Pieces of fully expanded trifoliate leaves from three individual plants were sampled every 4 h starting at dawn at 15 DAE. Relative transcript levels of GmCOL1a (A), GmFT2a (B), GmFT5a (C), GmFT4 (D), E1 (E) and E2 (F) were analyzed by quantitative RT-PCR and normalized to Tubulin. Values represent the average of three biological replicates ± SD. pathways of photoperiodic flowering based on the genetic variation in flowering loci. Recent studies have provided strong evidence that FT orthologs have a conserved role in flowering promotion in legumes (Weller et al. 2009 , Kong et al. 2010 , Ono et al. 2010 , Hecht et al. 2011 , Yamashino et al. 2012 ). However, garden pea (P. sativum) (Hecht et al. 2007 , Weller et al. 2009 ), L. japonicus (Ono et al. 2010 , Yamashino et al. 2012 ) and M. truncatula (Wong et al. 2014 ) CO orthologs are unlikely to play a central role in the photoperiod response mechanism in these species. In addition, the expression of pea COLa is not obviously misregulated in either dne or late1 mutants (Hecht et al. 2007 , Weller et al. 2009 ); in contrast, in Arabidopsis, CO expression in both elf4 and gi mutants is dramatically reduced throughout the daily cycle (Suárez-López et al. 2001 , Doyle et al. 2002 . Our data also showed that similar to CO orthologs in other legumes, GmCOL1a/1b have expression patterns that are more similar to those of Arabidopsis COL2 than to those of CO ( Fig. 3; Supplementary Fig. S1 ), and GmCOL1a/1b are also not obviously misregulated in e2 (gi) mutants (Fig. 2E, F) . However, gmcol1b mutants showed significantly earlier flowering than the wild type under LD conditions, and GmCOL1a overexpression caused late flowering under LD and natural conditions (Fig. 4) , indicating that GmCOL1a and GmCOL1b are actually suppressors of flowering in soybean rather than inducers of flowering (as described by Wu et al. 2014 ). In addition, both GmFT2a and GmFT5a were down-regulated by GmCOL1a under LD conditions (Fig. 5B, C) ; in contrast, they were upregulated by GmCOL1a under SD conditions (Fig. 6B, C) . The role of GmCOL1a in the regulation of GmFT2a and GmFT5a was similar to the role of Hd1 in the regulation of Hd3a (Izawa et al. 2002 , Kojima et al. 2002 , Hayama et al. 2003 . Therefore, although the legume CO orthologs were similar to AtCOL2, they may still affect flowering time. Additionally, our data also indicated the possibility that E1 (with no apparent homologs in either Arabidopsis or rice (Xia et al. 2012a) ), E2 (GmGIa) and GmCOL1a function as part of a negative feedback loop in soybean, indicating that GmCOL1a/b genes function as suppressors of photoperiodic flowering in soybean, which differs from their role in Arabidopsis.
Roles of GmCOL1a in the regulation of circadian clock genes
The diurnal expression patterns of soybean clock gene homologs of LCL (LHY/CCA homologs) and TOC1 were similar to the patterns observed in Arabidopsis (Liu et al. 2009 , Thakare et al. 2010 , suggesting that soybean has clock genes that are similar to those in other plants. Overexpression of GmCOL1a increased the amplitude and caused a phase advance in LCL-1 and LCL-3 rhythms under LD conditions. Under SD conditions, only increased amplitude was observed without the phase advance; however, in transgenic soybean, the ELF4 homolog showed a reduced amplitude under LD but not SD conditions ( Fig. 7;  Supplementary Fig. S3 ). We also examined TOC1 transcription under both LD and SD conditions. The expression level of TOC1 was low, and it was nearly undetectable in DN50 and the transgenic lines under LD conditions (data not shown). In transgenic soybean under SD conditions, the amplitude of the TOC1 rhythm was slightly reduced (Supplementary Fig. S3D ), which was consistent with the repression of TOC1 by LHY/ CCA1 homologs in Arabidopsis (Alabadí et al. 2001) . Our data suggested that GmCOL1a might have another role as part of the Fig. 7 Effects of GmCOL1a on the rhythmic expression of clockrelated genes in soybean. Transgenic line #4 and wild-type plants were grown under LD conditions. Pieces of fully expanded trifoliate leaves from three individual plants were sampled every 4 h starting at dawn at 15 DAE. Relative transcript levels of GmLCL1 (A), GmLCL3 (B) and GmELF4 (C) were analyzed by quantitative RT-PCR and normalized to Tubulin. Values represent the average of three biological replicates ± SD. central clock mechanism. Further studies are needed to determine the role of CO in regulating the clock mechanism in other legumes.
The photoperiodic flowering pathway in soybean
The E1 gene, which is the major repressor of flowering time with no apparent homologs in either Arabidopsis or rice, is a crucial component involved in soybean flowering time regulation (Xia et al. 2012a) . In this study, E1 expression levels were significantly suppressed in OT93-26 and OT89-5, both of which carry the double recessive e3 and e4 alleles (Fig. 1A) ; this result was consistent with previous work (Xia et al. 2012a) . Our data also showed that the expression of E1 in L84-307 (e1e2E3e4) was slightly lower than that in Harosoy (e1e2E3E4), whereas the expression of E1 in L62-667 (e1e2e3E4) was significantly lower than that in Harosoy (e1e2E3E4) (Fig. 1A) . E1 transcription was suppressed to different extents in L84-307 (e1e2E3e4) and L62-667 (e1e2e3E4). These results indicate that the functions of E3 and E4 differ in the suppression of E1 transcription. Unexpectedly, we found that E1 showed a one-peak temporal pattern in Harosoy under LD conditions (Fig. 1A) ; however, in a previous report, E1 showed a bimodal temporal pattern in Harosoy under LD conditions (Xia et al. 2012a ). The timing of flowering of Harosoy and its NILs with E3 and E4 mutant alleles ( Table 1 ) was in good accordance with that described in previous reports (Cober et al. 1996b , Kong et al. 2010 . It is possible that E1 showed a different temporal pattern due to different light conditions (e.g. differences in light quality or duration). In our studies, soybean plants were grown under LD conditions defined as 18 h of light and 6 h of darkness, while in a previous report (Xia et al. 2012a ), plants were grown under LD conditions defined as 16 h of light and 8 h of darkness.
Recently, several studies have provided major insights into the genetic mechanism controlling the response to photoperiod in soybean (B. Liu et al. 2008 , Watanabe et al. 2009 , Kong et al. 2010 , Sun et al. 2011 , Xia et al. 2012a , Zhai et al. 2014 . Under LD conditions, the E1 gene suppresses the expression of GmFT2a and GmFT5a, two soybean flowering inducers, and promotes the expression of GmFT4, a soybean flowering repressor (Xia et al. 2012a , Zhai et al. 2014 . This leads to a lateflowering phenotype. We questioned whether the role of E1 in the regulation of FT genes is dependent on CO. Fig. 2C and D shows that E1 up-regulated the expression of GmCOL1a/1b; however, the effect of E1 on GmCOL1a/1b was different from its effect on GmFT2a/5a, which showed a dramatic reduction throughout the daily cycle in the E1 genotype (Xia et al. 2012a ). This result suggests that E1 may only partially control flowering though GmCOL1a/1b, which repressed the expression of GmFT2a/5a (Fig. 5B, C; Supplementary Fig. S2A , B) and promoted the expression of GmFT4 in soybean ( Fig. 5D ; Supplementary Fig. S2C ) under LD conditions. Further studies are needed to reveal whether E1 represses GmFT2a and GmFT5a directly or indirectly through GmCOL1a/1b.
The E2 maturity gene was molecularly identified as an ortholog of the Arabidopsis GI gene (Watanabe et al. 2011) , and, in Arabidopsis, GI regulates FT, at least in part, through a change in CO expression under LD conditions (Suárez-López et al. 2001) .
Our data showed that E2 (GmGIa) up-regulated the expression of GmCOL1a/1b only at Zeitgeber time (ZT) 0 or ZT 24 under LD conditions (Fig. 2E, F) . These results were consistent with those previously described by Hecht et al. in garden pea (Hecht et al. 2007 ). Interestingly, our data showed that GmCOL1a/1b were up-regulated by E1 and E2 (Fig. 2C-H) , and the transcript levels of both E1 and E2 were also down-regulated by GmCOL1a (Fig. 5E, F) . Because E1/2 influences the expression of GmCOL1a, and vice versa, they may function as part of a negative feedback loop.
Under SD conditions, the E1 and GmFT4 genes are expressed at low levels in leaves (Xia et al. 2012a , Zhai et al. 2014 ; thus, GmFT2a and GmFT5a are expressed at high levels in leaves (Kong et al. 2010 ) and can induce flowering in soybean. Our data showed that GmCOL1a was up-regulated by E1 and E2 (Supplementary Fig. S4 ). GmCOL1a also up-regulated GmFT2a/5a (Fig. 6B, C) and down-regulated E1 and E2 (Fig.  6D, E) . Further studies are needed to reveal whether GmCOL1a/ 1b are inducers of flowering in soybean under SD conditions.
In summary, we propose that a molecular network of photoperiod-regulated flowering genes functions under LD conditions in soybean (Fig. 8) . E3 and E4 up-regulate E1, E2 and GmCOL1a/1b expression. GmCOL1a/1b suppress the expression of GmFT2a/5a, and promote the expression of GmFT4 in soybean. High expression of E1 can also suppress the expression of GmFT2a/5a and promote GmFT4 expression, either directly or through other unknown factors, to regulate the expression of GmFT genes. In this way, these genes work together to suppress the expression of GmFT2a and GmFT5a and promote the expression of GmFT4 in soybean, leading to late flowering.
Materials and Methods
Plant materials and growth conditions
Harosoy NILs were obtained from the US Department of Agriculture Agricultural Research Service National Plant Germplasm System. Four maturity genes, i.e. E1, E2, E3 and E4, in nine Harosoy NILs are shown in Each of the soybean cultivars was planted in three pots, and each pot contained four seedlings. The phenotypic parameter flowering time (R1) was recorded. R1 was defined as the time from emergence to the opening of the first flower (Fehr et al. 1971) .
For diurnal rhythmic expression analysis, Harosoy NILs, DN50 and 35S:GmCOL1a transgenic line #4 were each grown in three pots (with one plant per pot) under SD (12 h light/12 h dark) or LD (18 h light/6 h dark) conditions in the artificial climate chamber described above. There were three replicates with three plants in each trial. Pieces of fully expanded trifoliate leaves from three individual plants were sampled every 4 h starting at dawn at 15 DAE.
For the diurnal rhythmic transfer expression analysis, Harosoy-E1 plants were maintained under SD or LD conditions for 16 d before being transferred into continuous light or dark conditions. Pieces of fully expanded trifoliate leaves from three individual plants were sampled every 4 h starting at dawn under continuous light and continuous dark conditions for real-time PCR analysis. The samples were stored until total RNA extraction was performed.
For the analysis of GmCOL1a and GmCOL1b expression in E1-overexpressing plants, the soybean cultivar Kariyutaka and transgenic soybean overexpressing E1 in a Kariyutaka background were grown under LD (16 h light/8 h dark) conditions. Three replicates were performed with three plants in each trial. Three sets of fully expanded trifoliate leaves from three individual plants were sampled at 4 h after dawn at 15 DAE for RT-PCR analysis.
Construction of soybean mutant libraries
A mutant population consisting of 3,840 lines was developed from the soybean cultivar 'Fukuyutaka' through two rounds of EMS treatment (Population 6, which was described by Anai 2012) . In brief, seeds of the soybean cultivar Fukuyutaka were soaked in a 0.35% (w/v) EMS solution for 12 h and then rinsed in tap water for 8 h. M 2 seeds were obtained from self-fertilized M 1 plants, and then treated with EMS again as described above. M 3 seeds were obtained from self-fertilized M 1 plants subjected to two rounds of EMS treatment. Green leaves were harvested from individual M 3 plants for DNA preparation. Genomic DNAs were purified using diatomaceous earth columns, followed by CTAB (cetyltrimethylammonium bromide) extraction. Pooled DNAs from eight individuals were used for mutant screening.
Mutant screening
To identify novel alleles of GmCOL1a and GmCOL1b by high-throughput TILLING as described previously (Hoshino et al. 2010) , we designed primers to amplify a target region covering the second exon of each gene. In brief, the target nucleotide sequences were amplified with sequence-specific primer sets (GmCOL1a-2nd-F, 5 0 -AGTTGTGTAGTTAGCTAGAATTTGT-3 0 ; GmCOL1a-2nd-R, 5 0 -AAATAGAAGTTATTGGTTGGTTAT-3 0 ; GmCOL1b-2nd-F, 5 0 -AGTG ATAAATATAGGAATAGTTAT-3 0 ; and GmCOL1b-2nd-R, 5 0 -TGAAAAATTTTC GAGATATGATTGA-3 0 ) from pooled template DNAs consisting of five or six independent mutant DNAs. After heteroduplex formation through a heat denaturation/annealing cycle, each amplicon was treated with a mismatchspecific nuclease, CEL I. Then, DNA fragments were pre-stained with Gel Red dye (Wako) and separated by electrophoresis on a 1.5% agarose gel in 1Â TBE buffer. The nucleotide sequences of PCR amplicons obtained from mutant candidates were determined with the Big Dye Terminator Cycle Sequencing Kit (Ver. 3.1; Applied Biosciences) using the same primers as described above. Sequencing was performed with a 3130 Genetic Analyzer (Applied Biosciences), and sequences were analyzed using Sequence Scanner software (Ver. 1.0; Applied Biosciences) and Genetyx-Mac (Ver. 17.0.3; Genetyx).
Plant transformation
GmCOL1a were amplified by PCR using cDNA from Williams 82 soybean cultivars and subsequently cloned into the pEASY-T1 vector (Transgene). XbaI/ SacI-digested fragments were then subcloned into the pTF101.1-GmFT2a vector , replacing GmFT2a. These vectors, which contain the Cauliflower mosaic virus 35S promoter, were designated pTF101.1-GmCOL1a and pTF101.1-GmCOL1b, and were used to transform DN50 plants via the cotyledon-node method of Flores et al. (2008) . Glufosinate (160 mg l
À1
) was applied to the first leaves of seedlings to screen T 0 , T 1 , T 2 and T 3 transformants. Herbicide-resistant T 3 plants were subjected to molecular and phenotypic analyses.
RNA isolation, cDNA synthesis and quantitative RT-PCR analysis
Total RNA was isolated and cDNA was synthesized as described by Koseki et al. (2005) . Quantitative RT-PCR of E1, E2, GmCOL1a, GmCOL1b, GmFT2a, GmFT5a, GmFT4, GmELF4, GmLCL1, GmLCL3 and Tubulin (as an internal control) was conducted as described by Nan et al. (2014) using the cDNAs synthesized from total RNA. The quantitative RT-PCR mixture was prepared by mixing a 1 ml aliquot of the cDNA synthesis reaction mixture with 5 ml of primer pre-mix (1.2 mM), 10 ml of SYBR Premix ExTaq Perfect Real Time (TAKARA), and water to a final volume of 20 ml. The PCR was conducted using the DNA Engine Opticon 2 System (Bio-Rad). The PCR cycling conditions were as follows: 95 C for 10 s, 55-60 C (depending on the gene) for 20 s, 72 C for 20 s and 78 C for 2 s. This cycle was repeated 40 times. Fluorescence quantification was conducted before and after the incubation at 78 C to monitor the formation of primer dimers. The mRNA level of the Tubulin gene was used as a control for the analysis. A reaction mixture without reverse transcriptase was also included as a control to confirm that there was no amplification of genomic DNA contaminants in the RNA sample. The primers used for quantitative RT-PCR are listed in Supplementary Table S1 . Three biological replicates were set up and subjected to RT-PCR in triplicate. Raw data were standardized as described previously (Willems et al. 2008) .
Supplementary data
Supplementary data are available at PCP online. Fig. 8 A proposed flowering time gene network in soybean under LD conditions. E3 and E4 up-regulate E1/2 expression. E1 completes a negative feedback loop with E2 and GmCOL1a, suppressing the expression of GmFT2a and GmFT5a and promoting the expression of GmFT4. High expression of E1 can also suppress the expression of GmFT2a and GmFT5a and promote the expression of GmFT4. This process may occur directly or through other unknown factors that regulate the expression of GmFT genes. In this way, these genes function together to suppress the expression of GmFT2a and GmFT5a and promote the expression of GmFT4, leading to late flowering in soybean plants. The red line was deduced from the review by Xia et al. (2012b) .
